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Abstract We calculate the mass and residue of the nucleon
in nuclear matter in the frame work of QCD sum rules using
the nucleon’s interpolating current with an arbitrary mixing
parameter. We evaluate the effects of the nuclear medium on
these quantities and compare the results obtained with the
existing theoretical predictions. The results are also com-
pared with those obtained in vacuum to find the shifts in the
quantities under consideration. Our calculations show that
these shifts in the mass and residue are about 32 and 15 %,
respectively.
1 Introduction
To analyze the experimental results on the relativistic heavy
ion collision obtained at different experiments such as CERN,
the European Organization for Nuclear Research, and BNL,
Brookhaven National Laboratory, as well as for better under-
standing the internal structure of neutron stars, the in-medium
properties of hadrons especially the properties of nucleons at
nuclear medium are needed. On the experimental side, there
has been progress on the in-medium properties of hadrons in
recent years. The Facility for Antiproton and Ion Research
(FAIR) and the Compressed Baryonic Matter (CBM) Col-
laboration at GSI intend to study the in-medium effects on
the parameters of different hadrons. The Panda Collabora-
tion, on the other hand, aims to concentrate on the properties
of the charmed hadrons and study probable shifts on their
masses and widths in nuclear medium [1,2].
On the theoretical side, dozens of works have been devoted
to the study of the nuclear matter and properties of hadrons,
especially nucleons at dense medium. In [3], the basic prop-
erties of the nuclear matter are determined in the frame work
of QCD sum rules as one of the most easily applicable and
attractive tools to hadron physics. This method, then, has
been applied to some finite-density problems [4–7]. In [4,5],
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the authors have used the finite-density sum rules to investi-
gate the saturation properties of nuclear matter. In series of
papers [8–10], T. D. Cohen et al., have applied the QCD sum
rules to relativistic nuclear physics and studied the effects of
nuclear matter on the mass of the nucleons mostly for the Ioffe
current. Only in [10], the authors extended the Ioffe current
(β = −1) with β being the mixing parameter in the interpo-
lating current of the nucleons to −1.15 ≤ β ≤ −0.95 using
the mass sum rules. For some studies of the nucleon mass shift
in the nuclear medium for the Ioffe current and properties of
other hadrons in a dense medium, see for instance [11–28].
The effects of four-quark condensate on the nucleon param-
eters have also been studied in [29]. Recently, the QCD sum
rules have been used to analyze the residue of the nucleon
pole as a function of the nuclear density [30] using a special
current corresponding to an axial-vector diquark coupled to
a quark. Note that the mass and residue of nucleon have also
been investigated in an instanton medium very recently in
[31].
In this article, we extend the previous studies to calcu-
late both the mass and residue of the nucleon in nuclear
matter using the interpolating current with an arbitrary mix-
ing parameter in the frame work of QCD sum rules. As the
mass sum rule is the ratio of two sum rules (according to
the method used), it may not lead to a reliable region for the
arbitrary mixing parameter. The unstable points of two sum
rules in nominator and denominator generally coincide and
cancel each other and the mass shows roughly good stability
with respect to the mixing parameter in the whole interval
(−∞, +∞) for β. Hence, to restrict this parameter, the only
reliable chance is to use the sum rule for the residue as it does
not contain any ratio of sum rules and includes only one func-
tion from the operator product expansion (OPE) side. In this
connection, we use the sum rule for the residue to find the
working region for the mixing parameter β. In this way, we
extend the previous calculations [30] on the residue as our
working region for β includes the Ioffe current used in [30]
to discuss the behavior of the residue of the nucleon with
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respect to the nuclear density. We also extend the study [10]
on the mass of the nucleon in nuclear matter by the extension
of the working region for the mixing parameter. Using the
working region obtained for β as well as working regions of
other auxiliary parameters entering the sum rules, we then
obtain the shifts in the values of mass and residue compared
to their vacuum values. We also compare our results on the
mass and residue of the nucleon with the existing numeri-
cal results obtained via the Ioffe current in vacuum. Finally,
we extract the vector and scalar self-energies of the nucleon
in nuclear matter and compare the obtained results with the
predictions of model independent studies [32,33].
Our results on the mass and residue can be used in theoret-
ical calculations via the current under consideration such as
the computation of the electromagnetic properties and multi-
ple moments of the nucleon and the strong coupling constants
of the nucleon to other hadrons in nuclear medium. The study
of the electromagnetic properties of nucleons has been in
focus of many experimental and theoretical works for many
years. Unfortunately, there is no a good consistency among
the results obtained in different ways on the electromagnetic
form factors (see for instance [34] and references therein). In
[34] it is shown that the Ioffe current fails to reproduce some
experimental data on some of electromagnetic form factors
of the nucleon in vacuum. Also, many previous works on the
strong coupling constants among various groups of baryons
including the nucleons with different mesonic groups (see
for instance [35,36]) reveal that the Ioffe current remains out
of the reliable region and some other values of the mixing
parameter β for octet baryons are favored. We guess that the
problem of the Ioffe current failing to explain some elec-
tromagnetic and strong coupling parameters in vacuum will
still occur also in the nuclear medium. When we calculate the
electromagnetic or strong parameters of nucleon in nuclear
matter using the current with an arbitrary mixing parameter,
we immediately need their masses and residues calculated
via the same current in nuclear matter. Our working region
for the parameter β as well as our predictions on the mass
and residue of the nucleon can be useful in this respect.
The article is organized as follows: In Sect. 2, we obtain
QCD sum rules for the mass and residue of the nucleon in
the nuclear matter. Section 3 is devoted to numerical analy-
ses of the sum rules and our comparison of the results with
the existing predictions. Section 4 contains our concluding
remarks.
2 QCD sum rules for the mass and residue of nucleon
in nuclear matter
To obtain the sum rules for the mass and residue of nucleon in
nuclear matter, the starting point is to consider the following
two-point correlationfunction:
(p) = i
∫
d4xeip·x 〈ψ0|T [J (x) J¯ (0)]|ψ0〉, (1)
where p is the four momentum of the nucleon and |ψ0〉 is
the nuclear matter ground state. The nucleon interpolating
current is taken as
J (x) = 2abc2i=1
[
qT,a1 (x)C A
i
1q
b
2 (x)
]
Ai2q
c
1(x), (2)
where a, b, c are color indices, C is the charge conjugation
operator, and A11 = I , A21 = A12 = γ5, A22 = β. As previ-
ously said, the parameter β is an arbitrary auxiliary param-
eter, and β = −1 corresponds to the Ioffe current (for some
discussions as regards the nucleon interpolating currents see
for instance [29,31,37,38]). The quark flavors for the proton
(neutron) are q1 = u and q2 = d (q1 = d and q2 = u). Here
we will adopt the isospin symmetry, thus treating the proton
and neutron as a nucleon.
From the general philosophy of the method under consid-
eration, we calculate the above mentioned correlation func-
tion from two different windows: in terms of hadronic param-
eters called the phenomenological or hadronic side and in
terms of QCD degrees of freedom using the OPE at the
nuclear medium named OPE or theoretical side. Equating
these two sides, we obtain QCD sum rules for the mass and
residue in nuclear matter. To suppress the contribution of the
higher states and continuum, a Borel transformation and con-
tinuum subtraction [39,40] are applied to both sides of the
sum rules obtained.
2.1 Hadronic side
On the hadronic side, the correlation function is calculated
inserting a complete set of nucleon states with the same quan-
tum numbers as the interpolating current. After performing
the integral over four-x, we get
Had(p)=−〈ψ0|J (x)|N (p, s)〉〈N (p, s)| J¯ (0)|ψ0〉
p2 − m∗2N
+. . . ,
(3)
where the dots represent the contributions of higher states and
the continuum and m∗N is the modified mass of the nucleon
in nuclear matter. The matrix element of the interpolating
current between the nucleon ground state and the baryonic
state is parametrized as
〈ψ0|J (x)|N (p, s)〉 = λ∗N u(p, s), (4)
where λ∗N is the modified residue or the coupling strength
of the nucleon current J (x) to the nucleon quasi-particle in
the nuclear matter and u(p, s) is the positive energy Dirac
spinor. Using Eq. (4) in Eq. (3), we get
Had(p)=−λ
∗2
N ( p + m∗N )
p2 − m∗2N
+· · ·=− λ
∗2
N
( p − m∗N )
+. . . . (5)
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Considering the interactions between the nucleon and the
nuclear matter, the hadronic side of the correlation function
takes the modified form
Had(p) = − λ
∗2
N
(pμ − μν )γμ − (m N + S) + . . . , (6)
where μν and S are the vector and scalar self-energies of
the nucleon in nuclear matter, respectively [11]. In general,
we can write
μν = νuμ + ′ν pμ, (7)
where ν and ′ν are constants and uμ is the four-velocity
of the nuclear medium. Here we neglect ′ν due to its small
contribution (see also [11]). Apart from the vacuum QCD
calculations, the four-velocity of the nuclear matter is a new
concept that causes extra structures for the correlation func-
tion. We shall work in the rest frame of the nucleon with
uμ = (1, 0). By substitution of Eq. (7) into Eq. (6), the
hadronic side of the correlation function becomes
Had(p) = − λ
∗2
N
( p − ν u) − (m N + S) + . . . , (8)
which can be written in terms of the three different structures
as
Had(p) = Hadp (p2, p0)  p + Hadu (p2, p0) u
+HadS (p2, p0)I, (9)
where p0 is the energy of the quasi-particle, I is the unit
matrix, and
Hadp (p
2, p0) = −λ∗2N
1
p2 − μ2 ,
Hadu (p
2, p0) = +λ∗2N
ν
p2 − μ2 , (10)
HadS (p
2, p0) = −λ∗2N
m∗N
p2 − μ2 .
Here m∗N = m N + S and μ2 = m∗2N − 2ν + 2p0ν . After
a Wick rotation and applying the Borel transformation with
respect to p2, we get
BˆHadp (p
2, p0) = −λ∗2N e−μ
2/M2 ,
BˆHadu (p
2, p0) = +λ∗2N νe−μ
2/M2 , (11)
BˆHadS (p
2, p0) = −λ∗2N m∗N e−μ
2/M2 .
2.2 OPE side
The OPE side of the correlation function can be calculated in
the deep Euclidean region. This function can also be written
in terms of different structures as
OPE(p) = OPEp  p + OPEu u + OPES I. (12)
Each OPEi function, where i = p, u, and where I can be
written in terms of a dispersion integral, is
OPEi =
∫
ρi (s)
s − p2 ds, (13)
where ρi (s) = 1π Im[OPEi ] are the spectral densities. Using
the explicit form of the interpolating current in the correlation
function of Eq. (1) and contracting out all quark pairs via
Wick’s theorem, we find
OPE(p) = −4iabca′b′c′
∫
d4xeipx 〈ψ0|
×{(γ5Scb′u (x)S′ba
′
d (x)S
ac′
u (x)γ5.
− γ5Scc′u (x)γ5T r [Sab
′
u (x)S′ba
′
d (x)])
+β(γ5Scb′u (x)γ5S′ba
′
d (x)S
ac′
u (x)
+ Scb′u (x)S′ba
′
d (x)γ5S
ac′
u (x)γ5
− γ5Scc′u (x)T r [Sab
′
u (x)γ5S′ba
′
d (x)]
− Scc′u (x)γ5T r [Sab
′
u (x)S′ba
′
d (x)γ5])
+β2(Scb′u (x)γ5S′ba
′
d (x)γ5S
ac′
u (x)
− Scc′u (x)T r [Sba
′
d (x)γ5S
′ab′
u (x)γ5])}|ψ0〉, (14)
where S′ = C ST C , Su,d are light-quark propagators
and T r [...] denotes the trace of the gamma matrices. In
coordinate-space, the light-quark propagator at the nuclear
medium has the following form in the fixed-point gauge
[15,41]:
Sabq (x) ≡ 〈ψ0|T [qa(x)q¯b(0)]|ψ0〉ρN
= i
2π2
δab
1
(x2)2
 x − mq
4π2
δab
1
x2
+χaq (x)χ¯bq (0) −
igs
32π2
F Aμν(0)tab,A
× 1
x2
[ xσμν + σμν  x] + . . . , (15)
where ρN is the nuclear matter density, χaq and χ¯bq are the
Grassmann background quark fields, F Aμν is the classical
background gluon field, and the first and second terms are
the expansion of the free quark propagator to first order
in the quark mass (perturbative part); the third and fourth
terms are the contributions due to the background quark and
gluon fields (non-perturbative part), respectively. The glu-
onic contribution to the above equation corresponds to a sin-
gle gluon interaction keeping only the leading term in the
short-distance expansion of the gluon field. We ignore con-
tributions of the derivatives of the gluon field tensor as well
as additional gluon interactions in the expression of the light-
quark propagator (see also [15]). When using Eq. (15) in Eq.
(14), we will end up with the products of the Grassmann back-
ground quark fields and classical background gluon fields
which correspond to the ground-state matrix elements of the
corresponding quark and gluon operators [15],
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2904 Page 4 of 10 Eur. Phys. J. C (2014) 74:2904
χ
q
aα(x)χ¯
q
bβ(0) = 〈qaα(x)q¯bβ(0)〉ρN ,
F AκλF
B
μν = 〈G AκλG Bμν〉ρN ,
χ
q
aαχ¯
q
bβ F
A
μν = 〈qaαq¯bβG Aμν〉ρN ,
χ
q
aαχ¯
q
bβχ
q
cγ χ¯
q
dδ = 〈qaα q¯bβqcγ q¯dδ〉ρN .
(16)
To proceed, we need to define the quark and gluon and
mixed condensates in nuclear matter. The matrix element
〈qaα(x)q¯bβ(0)〉ρN is projected out as [15]
〈qaα(x)q¯bβ(0)〉ρN = −
δab
12
[(
〈q¯q〉ρN +xμ〈q¯ Dμq〉ρN
+ 1
2
xμxν〈q¯ DμDνq〉ρN + ...
)
δαβ
+
(
〈q¯γλq〉ρN + xμ〈q¯γλDμq〉ρN
+ 1
2
xμxν〈q¯γλDμDνq〉ρN + . . .
)
γ λαβ
]
.
(17)
The quark–gluon condensate in nuclear matter is written as
〈gsqaα q¯bβG Aμν〉ρN = −
t Aab
96
{〈gsq¯σ · Gq〉ρN
×[σμν + i(uμγν − uνγμ) u]αβ
+〈gsq¯ uσ · Gq〉ρN
×[σμν u + i(uμγν − uνγμ)]αβ
− 4(〈q¯u · Du · Dq〉ρN
+ imq〈q¯ uu · Dq〉ρN )
×[σμν + 2i(uμγν − uνγμ) u]αβ},
(18)
where t Aab are the Gell-Mann matrices and Dμ = 12 (γμ  D+Dγμ). The matrix element of the four-dimension gluon con-
densate can also be written as
〈G AκλG Bμν〉ρN =
δAB
96
[〈G2〉ρN (gκμgλν − gκνgλμ)
+ O(〈E2 + B2〉ρN )], (19)
where we neglect the last term in this equation because of
its small contribution. The various condensates in the above
equations are defined as [9,15]
〈q¯γμq〉ρN = 〈q¯ uq〉ρN uμ, (20)
〈q¯ Dμq〉ρN = 〈q¯u · Dq〉ρN uμ = −imq〈q¯ uq〉ρN uμ, (21)
〈q¯γμDνq〉ρN =
4
3
〈q¯ uu · Dq〉ρN
(
uμuν − 14 gμν
)
+ i
3
mq〈q¯q〉ρN (uμuν − gμν), (22)
〈q¯ DμDνq〉ρN =
4
3
〈q¯u · Du · Dq〉ρN
(
uμuν − 14 gμν
)
−1
6
〈gsq¯σ · Gq〉ρN (uμuν − gμν), (23)
〈q¯γλDμDνq〉ρN = 2〈q¯ uu · Du · Dq〉ρN
×
[
uλuμuν − 16 (uλgμν + uμgλν + uνgλμ)
]
−1
6
〈gsq¯ uσ · Gq〉ρN (uλuμuν − uλgμν), (24)
where the equations of motion have been used and O(m2q)
terms have been neglected due to their very small contribu-
tions [15]. Now, we use the expressions of the light-quark
propagator in the nuclear medium and different condensates
presented above in Eq. (14) and perform the four-integral
over x to go to the momentum space. To suppress the con-
tributions of the higher states and continuum we apply the
Borel transformation with respect to the momentum squared
and perform a continuum subtraction. We also use the quark–
hadron duality assumption. The OPEi functions can be writ-
ten in terms of the even and odd parts in terms of p0 as
OPEi = Ei + p0Oi , (25)
where, after lengthy calculations, for the invariant functions

E,O
i in the Borel scheme we get
BˆEp = −
1
256π4
s0∫
0
dse−s/M2 s2[5 + β(2 + 5β)]
+ 1
72π2
s0∫
0
dse−s/M2{−8[5+β(2+5β)]mq 〈q¯q〉ρN
+ 9(−1 + β)[3(1 + β)md + 2mu + 4βmu]〈q¯q〉ρN
+ 5[5 + β(2 + 5β)]〈q†i D0q〉ρN }
− 〈g
2
s G2〉ρN
1024π4
s0∫
0
dse−s/M2(6 + β + 5β2)
+ 1
192M2π2
{(−1 + β)
×[−(40(1 + β)md + (26 + 43β)mu)M2
+ 8(3(1 + β)md + 2mu + 4βmu)p20]}〈q¯gsσGq〉ρN
− 1
48M2π2
{(−1+β)[(1 + 5β)mu M2 − 32(1+2β)
× mu p20 −4(1+β)md(M2+12p20)]}〈q¯i D0i D0q〉ρN
− 1
144π2
{[3(β−1)mq(4(1+β)md −(1+5β)mu)
+ 16(5 + β(2 + 5β))p20]}〈q†i D0q〉ρN
+ 1
36π2
{[5 + β(2 + 5β)]mq p20}〈q¯q〉ρN , (26)
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BˆOp =
1
72π2
s0∫
0
dse−s/M2
×{15〈q†q〉ρN + 3β(2 + 5β)〈q†q〉ρN }
+ 1
576M2π2
{−3(1 + 3β(2 + β))M2
+ 8(5 + β(2 + 5β))p20}〈q†gsσGq〉ρN
− 1
12M2π2
{[5 + β(2 + 5β)](M2 − 2p20)}〈q†i D0i D0q〉ρN
− 1
4π2
{(β − 1)mq [3(1 + β)md + (2 + 4β)mu]}〈q†q〉ρN ,
(27)
BˆEu (p) =
1
72π2
s0∫
0
dse−s/M2 [−3(5 + β(2 + 5β))
×〈q†gsσGq〉ρN
− 9(−1 + β)mq(3(1 + β)md + 2mu(1 + 2β))〈q†q〉ρN
+ 3〈q†q〉ρN s)] +
1
128π2
s0∫
0
dse−s/M2
×5(1 + β2)〈q†gsσGq〉ρN
+ 1
24π2
[5 + β(2 + 5β)]p20〈q†gsσGq〉ρN
+ 1
2π2
[5 + β(2 + 5β)]p20〈q†i D0i D0q〉ρN , (28)
BˆOu (p) =
1
72π2
s0∫
0
dse−s/M2 [5(5+β(2+5β))mq 〈q¯q〉ρN
+ 2(5 + β(2 + 5β))(−10〈q†i D0q〉ρN
+ 1
96π2
{(β − 1)[8(1 + β)md + 3(3 + 7β)mu]}
× 〈q¯gsσGq〉ρN
+ 1
12π2
{(β − 1)[8(1 + β)md + 3(3 + 7β)mu]}
× 〈q¯i D0i D0q〉ρN
+ 1
12π2
{(β − 1)mq [4(1 + β)md − (1 + 5β)mu]}
× 〈q†i D0q〉ρN , (29)
ES (p) =−
1
64π4
s0∫
0
dse−s/M2 s2[(β−1)2md +6(β2−1)mu]
− 1
32π2
(β−1)
s0∫
0
dse−s/M2{((5 + 7β)〈q¯gsσ
× Gq〉ρN ) + 4mq [(β − 1)md + 6(β + 1)mu]
× 〈q¯q〉ρN − 2(5 + 7β)s〈q¯q〉ρN }
+ 〈g
2
s G2〉ρN
512π4
(β−1)
s0∫
0
dse−s/M2 [βmd − 6(1+β)mu]
+ 1
128π4
(β−1)β
s0∫
0
dse−s/M2〈q¯gsσGq〉ρN
+ 1
192π2
(β−1)(20 + 29β)p20〈q¯gsσGq〉ρN
− 1
24π2
[20+(9−29β)β]p20〈q¯i D0i D0q〉ρN
+ 1
12π2
(β − 1)mq [(β − 1)md +6(β+1)mu]p20〈q¯q〉ρN ,
(30)
and
OS (p) = −
1
32π2
(β − 1)
s0∫
0
dse−s/M2
×{4[mq(5 + 7β) + md(1 − β)
− 6(1 + β)mu]〈q†q〉ρN }
+ 1
192M2π2
(β − 1){3 + (8 + 7β)mu M2
+ 48(1 + β)mu p20
+ 4md [M2(1−4β)+2(β − 1)p20]}〈q†gsσGq〉ρN
+ 1
4M2π2
(β − 1)[(β − 1)md + 6(β + 1)mu]
× (M2 + 2p20)〈q†i D0i D0q〉ρN
− 1
24π2
(β − 1)[βmq − 8md(1 − β)
+ 48(1 + β)mu]〈q†i D0q〉ρN , (31)
where s0 is the continuum threshold. Having calculated both
the hadronic and the OPE sides of the correlation function,
now we equate these two sides for all structures to find the
corresponding QCD sum rules. For instance, in the case of
the structure /p, we have
−λ∗2N e−μ
2/M2 = BˆOPEp . (32)
To find the mass sum rule, we eliminate λ∗2N in the above
equation, as a result of which we get
μ2 =
∂
∂
(
− 1
M2
) (BˆOPEp )
BˆOPEp
. (33)
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3 Numerical results and discussion
This section is devoted to the numerical analysis of the
sum rules for the mass and residue obtained in the previ-
ous section at nuclear matter. We discuss how the results
in a dense medium deviate from those obtained via vacuum
sum rules. For this aim, we need the numerical values of the
quark masses as well as the in-medium quark–quark, quark–
gluon and gluon–gluon condensates that are calculated in
[9,10,13,15]. Each condensate at dense nuclear medium
(〈O〉ρN ) is written in terms of its vacuum values (〈O〉0) and its
value between one-nucleon states (〈O〉N ) at the low nuclear
density limit, i.e. 〈O〉ρN = 〈0|O|0〉 + ρN2MN 〈N |O|N 〉 =〈O〉0 + ρN2MN 〈O〉N . We collect the numerical values of the
input parameters in Table 1.
Looking at the sum rules for the physical quantities under
consideration we see that they include three auxiliary param-
eters, namely, the continuum threshold s0, the Borel mass
parameter M2, and the mixing parameter β, which should be
fixed at this point. The standard criteria in QCD sum rules
demand that the physical quantities show good stability with
respect to these quantities at their working regions. As the
mass sum rule is the ratio of two sum rules (see Eq. 33)
including these auxiliary parameters, it may not lead to a
reliable region. For this reason, we use the sum rule for the
Table 1 Numerical values for input parameters [9,10,13,15]. The value
presented for ρN corresponds to the nuclear matter saturation density
which is used in numerical analysis
Input parameters Values
p0 1 GeV
mu 2.3 MeV
md 4.8 MeV
ρN (0.11)3 GeV3
〈q†q〉ρN 32 ρN
〈q¯q〉0 (−0.241)3 GeV3
mq 0.5(mu + md )
σN 0.045 GeV
〈q¯q〉ρN 〈q¯q〉0 + σN2mq ρN
〈q†gsσGq〉ρN −0.33 GeV2ρN
〈q†i D0q〉ρN 0.18 GeV ρN
〈q¯i D0q〉ρN 32 mqρN 
 0
m20 0.8 GeV2
〈q¯gsσGq〉0 m20〈q¯q〉0
〈q¯gsσGq〉ρN 〈q¯gsσGq〉0 + 3 GeV2ρN
〈q¯i D0i D0q〉ρN 0.3 GeV2ρN − 18 〈q¯gsσGq〉ρN
〈q†i D0i D0q〉ρN 0.031 GeV2ρN − 112 〈q†gsσGq〉ρN
〈 αs
π
G2〉0 (0.33 ± 0.04)4 GeV4
〈 αs
π
G2〉ρN 〈 αsπ G2〉0 − 0.65 GeV ρN
residue to find the reliable regions for the auxiliary param-
eters. The working region for the Borel mass parameter is
found as follows. The upper bound on this parameter is found
by demanding that the contributions of the higher states and
continuum are sufficiently suppressed and the ground state
constitutes a large part of the whole dispersion integral, i.e.
∫ s0
0 ρ(s)e
−s/M2
∫ ∞
0 ρ(s)e
−s/M2 > 1/2 (34)
should be satisfied. The lower bound on M2 is calcu-
lated requiring that the perturbative part exceeds the non-
perturbative one and the contributions of the operators with
higher dimensions are small, i.e. the OPE converges. These
requirements lead to the interval 0.8 GeV2  M2 
1.2 GeV2 for the Borel mass squared. The continuum thresh-
old is not totally arbitrary, but it depends on the energy of
the first excited state with the same quantum numbers as
the interpolating current. We choose the interval s0 = (1.5–
2.0) GeV2 for this parameter. Our numerical calculations
show that, in this interval, the physical quantities depend
weakly on this parameter and the results show good stability
with respect to the variations of the Borel mass parameter in
its working region.
Finally, the physical quantities under consideration should
be independent of the mixing parameter β. To find the work-
ing region for this parameter, we look at the variation of the
residue of the nucleon with respect to this parameter. To better
cover the whole range of −∞  β  ∞, which can math-
ematically be taken values in by this parameter, we plot the
residue with respect to x = cos θ , where β = tan θ at fixed
values of the continuum threshold and Borel mass param-
eter for both nuclear medium and vacuum in Fig. 1. From
this figure, we see that in the intervals −1  x  −0.5 and
0.5  x  1 the residues λ∗N and λN are practically indepen-
dent of this parameter. Moreover, the results of residues very
weakly depend on the continuum threshold in these intervals.
Note that the Ioffe current corresponding to x ≈ −0.71 is
included by these intervals. Here, we should mention that, as
we said before, since the mass sum rule is the ratio of two sum
rules, the unstable points of the two sum rules in nominator
and denominator coincide and cancel each other. The masses
in nuclear matter and vacuum show roughly good stabilities
with respect to x in the whole −1  x  1 region (see Fig. 2).
Having calculated the working regions, we discuss the
variations of the masses and residues both in nuclear matter
and vacuum with respect to the variations of the auxiliary
parameters and look for the shifts in these parameters due to
the nuclear medium by comparison of the results obtained in
the nuclear matter as well as the vacuum. For this aim, in Figs.
3 and 4, we depict the variations of the residues and masses
in the presence of nuclear matter and vacuum with respect
to the Borel mass parameter at different fixed values of the
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Fig. 1 The residue in nuclear matter versus x (left panel). The residue in vacuum versus x (right panel)
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Fig. 2 The nucleon mass in nuclear matter versus x (left panel). The nucleon mass in vacuum versus x (right panel)
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Fig. 3 The residue in nuclear matter versus Borel mass M2 (left panel). The residue in vacuum versus Borel mass M2 (right panel)
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Fig. 4 The nucleon mass in nuclear matter versus Borel mass M2 (left panel). The nucleon mass in vacuum versus Borel mass M2 (right panel)
Table 2 Average values of the masses and residues squared in nuclear matter and vacuum obtained from a sum rules analysis and the comparison
of the results with the existing results of the vacuum sum rules for the Ioffe current [42]; and the value of the mass obtained via the Ioffe current in
vacuum considering the strangeness content of the nucleon [43]
m∗N (GeV) m N (GeV) λ∗2N (GeV6) λ2N (GeV6)
Present work 0.723 ± 0.122 1.045 ± 0.076 0.0009 ± 0.0004 0.0011 ± 0.0005
Ioffe – 0.985 – 0.0012 ± 0.0006
nasrallah – 0.990 ± 0.050 – –
β and s0 picked from their working regions. These figures
also indicate that the physical quantities under consideration
vary weakly with respect to the auxiliary parameters in their
working regions.
As obtained from Figs. 3 and 4, we depict the average
values of the residues squared and masses of the nucleon
both for the nuclear medium and vacuum in Table 2 and
compare our results with the existing results obtained via the
Ioffe current using the vacuum sum rules in this table. Note
that in this table m N and λN are the mass and residue of the
nucleon in vacuum and these are, respectively, obtained from
m∗N and λ∗N when ρN = 0 is set. From this table, we con-
clude that the average values for the residue squared and mass
when ρN → 0 are consistent with the values obtained using
the Ioffe current and vacuum sum rules [42,43] within the
errors. We also see that the average values of those quantities
in nuclear matter show considerable shifts compared to the
vacuum results. To see better how the results of the residue
and mass in nuclear matter deviate from those of the vacuum,
we depict the variations of the ratios of λ∗N /λN and m∗N /m N
as well as the percentages of the shifts with respect to the
Borel mass squared in Figs. 5 and 6 at different fixed values
of the parameter β and the continuum threshold s0. With a
quick glance at these figures, we observe that the mass and
residue of the nucleon show considerable shifts from their
vacuum values and the shifts are negative. In the case of the
residue, the shift grows roughly increasing the value of the
Borel mass parameter. However, in the case of the mass, the
shift deceases considerably when we increase the value of
the Borel mass parameter in its working region. Our numer-
ical results show that, on average, the values of the residue
and mass decrease by about 15 and 32 %, respectively, com-
pared to their values in vacuum. Note that we have used the
nuclear matter saturation density, ρsatN = (0.11)3 GeV3, in
our numerical analysis as well as the density dependence of
some condensates in leading order (see Table 1). To check
whether the results depend linearly on the nuclear matter
density or not, we depict the dependences of, for instance,
m∗N /m N and λ∗N /λN on ρN /ρsatN in Fig. 7 for fixed values of
s0, M2 and β. From this figure we see that λ∗N /λN is exactly
linear and m∗N /m N is roughly linear in terms of ρN /ρsatN
and they considerably decrease increasing the value of the
nuclear matter density.
At the end of this section, we would like to extract the
values of the vector and scalar self-energies of the nucleon in
nuclear matter. From our analysis we obtain the values S =
−(322 ± 51) MeV and 0 = (420 ± 65) MeV for the scalar
and time-like vector self-energies of the nucleon in nuclear
medium, respectively. When we compare these results with
the ones obtained using a model independent study in [32,
33], i.e., S = −(400–450) MeV and 0 =(350–400) MeV,
we see that our result on time-like vector self-energies of the
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Fig. 5 λ∗N /λN versus Borel mass parameter M2 (left panel). The percentage of the shift in the residue of the nucleon in nuclear matter compared
to its vacuum value (right panel)
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nucleon is consistent with the predictions of [32,33] within
the errors. In the case of the scalar self-energy, although our
result is consistent with those of [32,33] in sign, its absolute
value is smaller than those of [32,33].
4 Conclusion
In the present work, we studied some properties of the
nucleon in the nuclear matter using the QCD sum rules. In
particular, we calculated the mass and residue of the nucleon
in nuclear medium and looked for the shifts of the results
compared to their vacuum values. Using the interpolating
current of the nucleon with an arbitrary mixing parame-
ter, we extended the previous works on the mass of the
nucleon discussed, which mainly use the Ioffe current. We
also extended the recent study [30] on the residue of the
nucleon pole, which uses a special current corresponding to
an axial-vector diquark coupled to a quark, by introducing
the arbitrary mixing parameter into the interpolating current.
We found the working regions for the three main auxiliary
parameters entering the sum rules using the obtained QCD
sum rule for the residue. Using the working regions obtained
for the continuum threshold, the Borel mass parameter, and
the mixing parameter β entering the interpolating current,
we depicted the variations of the physical quantities under
consideration with respect to the variations of the auxiliary
parameters. We observed considerable negative shifts in the
values of the mass and residue of the nucleon in nuclear mat-
ter compared to their values in vacuum. The results of the
residue and mass reduce by about 15 and 32 %, respectively,
due to the nuclear medium. We also extracted the values of
the scalar and time-like vector self-energies of the nucleon in
the nuclear medium and compared the results obtained with
the predictions of model-independent studies [32,33].
The obtained results for the mass and residue in nuclear
matter can be used in theoretical determinations of the elec-
tromagnetic properties of the nucleon and its strong couplings
to other hadrons in the nuclear medium.
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